**Research Highlights**

(1)After stimulating inflammation using lipopolysaccharide, this study investigated the dynamic changes of connexin 43 mRNA expression in the central nervous system over time.(2)Released levels of nitric oxide, inducible nitric oxide synthase and tumor necrosis factor-α mRNA expression increased in C6 cells under lipopolysaccharide stimulation.(3)Connexin 43 mRNA and protein expression increased significantly at 3 and 6 hours, and then decreased at 12, 24 and 48 hours after lipopolysaccharide treatment.

**Abbreviations**

iNOS, inducible nitric oxide synthase; TNF-α, tumor necrosis factor-α; CNS, central nervous system

INTRODUCTION {#sec1-1}
============

Connexins are a family of membrane proteins. At least 21 human genes and 20 mouse genes for connexins have been identified\[[@ref1]\], and they are commonly named according to their molecular weight (*e.g.* connexin 43 is 43 kDa). All connexin subtypes share a common structure, having four trans-membrane domains with two extracellular loops, an intracellular loop and the cytoplasmic C- and N-termini. Six connexins cluster into a connexon, and two connexons dock together to form a gap junction channel\[[@ref2]\]. Between neighboring cells, gap junction channels allow for the diffusion of small molecules (\< 1 kDa), which include molecules such as adenosine triphosphate, charged ions, cyclic adenosine monophosphate and peptides. Astrocytic gap junctions play a vital role in maintaining ionic and metabolic stability in the central nervous system (CNS)\[[@ref3][@ref4][@ref5][@ref6]\]. Connexin 43 is the most ubiquitously expressed protein and is predominantly found in astrocytes\[[@ref7]\]. The functional syncytium formed by astrocytes *via* connexin 43 gap junction intercellular communication has been implicated in maintaining the homeostasis of the extracellular milieu of neurons\[[@ref8]\].

Lipopolysaccharide, also known as endotoxin, constitutes the lipid portion of the outer leaflet of gram-negative bacteria\[[@ref9]\]. Lipopolysaccharide functions as a potent inducer of innate immunity and triggers an inflammatory reaction\[[@ref10]\]. Tumor necrosis factor-α (TNF-α), as a single nuclear factor, can be generated in lipopolysaccharide stimulation, and lead to the inflammatory response. Inducible nitric oxide synthase (iNOS) does not express in resting cells, while the cells were stimulated by cytokines or immunologic microbes, such as lipopolysaccharide-induced; iNOS synthesizes high concentration of nitric oxide, and it generates a series of pathological effects. A bacterial lipopolysaccharide-induced brain injury mouse model was created after intracerebral injection of lipopolysaccharide, but the pathogenesis of inflammation in the CNS is poorly understood. Inflammation in the CNS contributes to numerous neurodegenerative diseases and results in encephalopathy\[[@ref11]\].

Sayyah *et al*\[[@ref12]\] showed that connexin 43 containing gap junctions in the hippocampus was down-regulated in response to chronic injection of lipopolysaccharide. Haupt *et al*\[[@ref13]\] reported that reactive proliferating astrocytes formed gliotic tissue and exhibited up-regulated connexin 43 expression at the mRNA and protein levels after photothrombosis. An increase in connexin 43 and connexin 43 mRNA-positive cells in the gray matter adjacent to the lesion was observed as early as 4 hours post-injury and remained high for 4 weeks\[[@ref14]\]. To analyze the effect of the neuroinflammation on connexin 43 expression in glial cells, and to address the relationship between connexin 43 and neuroinflammation, the present study investigated the dynamic expression of connexin 43 in neuroinflammatory events over time. Reverse transcription-PCR and immunofluorescence staining were used to detect the mRNA and protein expression levels of connexin 43 in lipopolysaccharide-stimulated C6 cells.

RESULTS {#sec1-2}
=======

Lipopolysaccharide-induced neuroinflammation in C6 cells {#sec2-1}
--------------------------------------------------------

The nitrite estimation showed that 50, 250, 1 000, 2 500, and 5 000 ng/mL lipopolysaccharide increased the release of nitric oxide ([Figure 1](#F1){ref-type="fig"}).

![Lipopolysaccharide stimulation for 24 hours induced a dose-dependent release of nitrite in C6 cells.\
Independent sample *t-* test and one-way analysis of variance were used to analyze the data. ^a^*P* \< 0.05, *vs*. control group. Histograms represent the mean ± SD of three independent experiments (*n* = 3).\
I--VI: 50, 250, 1 000, 2 500, and 5 000 ng/mL lipopolysaccharide treatment.](NRR-7-1947-g001){#F1}

Lipopolysaccharide-induced nitric oxide release was dose dependent. We used 5 μg/mL of lipopolysaccharide for 3--48 hours to stimulate C6 cells and induce neuroinflammation.

iNOS and TNF-α mRNA expression in C6 cells treated with lipopolysaccharide {#sec2-2}
--------------------------------------------------------------------------

To further confirm lipopolysaccharide-induced neuroinflammation in C6 cells, and to observe the changes of inflammatory factors, we observed iNOS and TNF-α mRNA expression. Using reverse transcription-PCR, C6 cells treated with 5 μg/mL lipopolysaccharide, showed increased expression of iNOS and TNF-α mRNA compared with the control group which was treated with the same volume of PBS. The expression of iNOS and TNF-α mRNA increased in a time-dependent manner ([Figure 2](#F2){ref-type="fig"}).

![Inducible nitric oxide synthase (iNOS) and tumor necrosis factor-α (TNF-α) mRNA expression in lipopolysaccharide-stimulated C6 cells over time.\
(A) Reverse transcription-PCR iNOS and TNF-α mRNA expression levels in lipopolysaccharide-induced C6 cells. Lane 1: Control; lane 2: 3 hours; lane 3: 6 hours; lane 4: 12 hours; lane 5: 24 hours; lane 6: 48 hours.\
(B) Quantification of iNOS and TNF-α mRNA expression. The data are expressed as mean ± SD of the band absorbance ratio of the target gene to GAPDH, and analyzed by one-way analysis of variance and the least significant difference method.\
The experiments were repeated at least three times (*n* = 3). Independent sample *t*-tests and one-way analysis of variance were used to analyze the data. ^a^*P* \< 0.05, *vs.* control group.\
3, 6, 12, 24, 48 h: After 3, 6, 12, 24, 48 hours of lipopolysaccharide treatment.](NRR-7-1947-g002){#F2}

Connexin 43 mRNA expression in C6 cells {#sec2-3}
---------------------------------------

The expression of connexin 43 mRNA was detected by reverse transcription-PCR. The results showed that the expression of connexin 43 mRNA increased significantly at 3 and 6 hours compared with the control group, but decreased significantly at 12, 24 and 48 hours compared with the control group ([Figure 3](#F3){ref-type="fig"}).

![Connexin 43 mRNA expression in lipopolysaccharide-stimulated C6 cells using reverse transcription-PCR.\
(A) Reverse transcription-PCR connexin 43 mRNA expression levels in lipopolysaccharide-induced C6 cells.\
Connexin 43 mRNA expression increased at 3 and 6 hours compared with the control group, but then decreased at the 12, 24, and 48 hour time points compared with the control group.\
(B) Quantification of connexin 43 mRNA expression. The data were expressed as mean ± SD of the band absorbance ratio of the target gene to GAPDH, and analyzed by one-way analysis of variance and the least significant difference method.\
The experiments were repeated at least three times (*n* = 3). Independent sample *t-* tests and one-way analysis of variance were used to analyze the data. ^a^*P* \< 0.05, *vs*. control group.\
3, 6, 12, 24, 48 h: After 3, 6, 12, 24, 48 hours of lipopolysaccharide treatment.](NRR-7-1947-g003){#F3}

Connexin 43 protein expression in C6 cells {#sec2-4}
------------------------------------------

We used immunofluorescence staining to observe connexin 43 protein expression levels. Connexin 43 protein expression was detectable in the cytoplasm and in protrusions in the control group. At 3 and 6 hours, connexin 43 protein expression increased significantly in the cytoplasm and the protrusions compared with the control group (*P* \< 0.05). Connexin 43 protein expression decreased in a time-dependent manner ([Figure 4](#F4){ref-type="fig"}) at 12, 24 and 48 hours compared with the control group (*P* \< 0.05), especially in the protrusions. Combined with the iNOS and TNF-α mRNA expression, proinflammatory cytokines severely reduced connexin 43 expression, and aggravated the neuroinflammation after 12 hours.

![Connexin 43 protein expression in C6 cells.\
(A) Immunofluorescence staining detected connexin 43 protein expression in lipopolysaccharide-treated C6 cells. The nuclei were stained blue using 4', 6-diamidino- 2-phenylindole.\
(A1) Control group: connexin 43 expression (fluorescein isothiocyanate, green) was detected in the cytoplasm and protrusions (arrows). (A2--A6) 5 μg/mL lipopolysaccharide-treated groups (for 3, 6, 12, 24, and 48 hours), with arrows showing connexin 43 protein expression. Scale bars: 25 μm.\
(B) Semi-quantification of immunofluorescence staining. Six non-overlapping fields were randomly selected and measured for absorbance values using ImageJ for each group.\
The experiments were repeated three independent times. Independent sample *t*-tests and one-way analysis of variance were used to analyze the data. ^a^*P* \< 0.05, *vs*. control group.\
3, 6, 12, 24, 48 h: After 3, 6, 12, 24, 48 hours of lipopolysaccharide treatment.](NRR-7-1947-g004){#F4}

DISCUSSION {#sec1-3}
==========

Neuroinflammation plays a vital role in the pathophysiology of neurodegenerative diseases and CNS injury\[[@ref15]\]. Neuroinflammation is a process that results primarily from the presence of chronically activated glial cells (astrocytes and microglia) in the brain, and is a common feature of several neurodegenerative conditions. Activated glia release a variety of nerve excitability substances that potentiate neurotransmission, especially proinflammatory cytokines\[[@ref16]\].

Connexin 43 expression changes during neuroinflammation. Kozoriz *et al*\[[@ref17]\] showed that connexin 43 protein exhibited decreased cerebral infarct size and inflammatory cell invasion in the peri-infarct region with reduced astrogliosis in an mouse model of middle cerebral artery occlusion.

Haupt *et al*\[[@ref13]\] reported that reactive proliferating astrocytes exhibited up-regulated connexin 43 expression at the mRNA and protein levels with CNS injury. To explain the role of connexin 43 expression in neuroinflammatory events, we stimulated C6 cells with lipopolysaccharide to establish a neuroinflammatory cell model. In this study, our data showed that nitric oxide release gradually increased with different concentrations of lipopolysaccharide-stimulated C6 cells for 24 hours.

Gap junctions between astrocytes have been implicated in traumatic brain injury and brain infarcts\[[@ref18]\]. Astrocytes are abundant in the brain, and compose a glial network which supports neurons both physically and chemically. Astrocytes play an important role in the maintenance of neuronal activity\[[@ref19]\]. Activated astrocytes can secrete cytokines, such as interleukin-1, interleukin-6, and TNF-α\[[@ref20]\] and interact with inflammatory cells. Along with iNOS and TNF-α, interleukin-1β has been reported to influence astrocyte gap junction/hemichannel activity *in vitro*\[[@ref21]\]. However, the role of astrocytic gap junctions is still controversial in inflammatory, traumatic and ischemic conditions. Astrocytic gap junctions may enhance an expansion of lesion volume\[[@ref22]\]. Alternatively, another previous study demonstrated that blocking astrocytic gap junctions increased the vulnerability of neurons to ischemic insults\[[@ref23]\]. Astrocytic gap junctions may reduce apoptosis and inflammation in the penumbra following ischemic insults\[[@ref24]\]. Because connexin 43 is the major protein forming astrocytic gap junctions, we evaluated connexin 43 expression levels. In the present study, we selected rat C6 glioma cells, because C6 cells demonstrate astrocytic characteristics.

Our data demonstrated that connexin 43 mRNA expression increased at 3 and 6 hours, and then declined from 12 to 48 hours in lipopolysaccharide-stimulated C6 cells. Connexin 43 protein was expressed in the cytoplasm and protrusions in normal C6 cells. In lipopolysaccharide-stimulated C6 cells, connexin 43 protein expression increased at 3 and 6 hours, but decreased from 12 to 48 hours, especially in the protrusions. We hypothesize that the mechanism regulating connexin 43 expression in the early stage of neuroinflammation may be different than in the late stage.

The significantly decreased protein levels of connexin 43 in the protrusions may be associated with decreased gap junction function. Similar to the iNOS and TNF-α mRNA expression levels changes, connexin 43 expression may be affected by pro-inflammatory cytokines in neuroinflammation after 12 hours. The change of connexin 43 expression may be associated with a connexin 43 compensatory mechanism.

Early in neuroinflammation injury, a connexin 43 compensatory mechanism begins, which enhances connexin 43 mRNA and protein expression. This increased expression may allow the formation of functional gap junction channels to promote the exchange of relevant injury factors among the C6 cells. In the late stage, the neuroinflammation injury is more serious. Then the compensatory mechanisms of connexin 43 could play a lesser role, and the expression levels of connexin 43 mRNA and protein are decreased. Although we observed a dynamic change in the connexin 43 expression levels over time, whether or not connexin 43 formed the functional gap junctions in this model of neuroinflammation is unknown.

In conclusion, connexin 43 expression increased at 3 and 6 hours, and declined from 12 to 48 hours in lipopolysaccharide-stimulated rat C6 glioma cells. This dynamic change of the major component of gap junctions requires further investigation to elucidate the role of the changing levels of connexin 43 in neuroinflammation and CNS injury models.

MATERIALS AND METHODS {#sec1-4}
=====================

Design {#sec2-5}
------

This is an *in vitro* parallel experiment.

Time and setting {#sec2-6}
----------------

The experiments were performed at the Department of Human Anatomy, Norman Bethune College of Medicine, Jilin University, China from October 2011 to April 2012.

Materials {#sec2-7}
---------

C6 cells (*Rattus norvegicus* glioma cells) were stored in the Department of Human Anatomy, Norman Bethune College of Medicine, Jilin University, China. Lipopolysaccharide was purchased from Sigma, St. Louis, MO, USA (Product No. L2630).

Methods {#sec2-8}
-------

### C6 cell culture {#sec3-1}

C6 cells were cultured in Roswell Park Memorial Institute-1640 medium (10% fetal calf serum, 100 U/mL penicillin, 100 mg/mL streptomycin, 2 mM glutamine; Gibco, Grand Island, NY, USA) in a 5% CO~2~ humidified incubator at 37°C. The culture medium was replaced every 2 days and C6 cells were observed using an inverted microscope (Olympus, Tokyo, Japan).

### Drug dispensation {#sec3-2}

Lipopolysaccharide was dissolved at 5 mg/mL in distilled water, and stored at --20°C. The final concentrations of lipopolysaccharide used on the C6 cells were 50, 250, 500, 1 000, and 5 000 ng/mL. The cells untreated with lipopolysaccharide were the control groups.

### Nitrite estimation {#sec3-3}

Nitrite estimations in culture supernatants were performed using the Griess reagent. C6 cells were seeded at a cell density of 1 × 10^4^ cells/well in 96 well plates. Each culture supernatant (100 μL) was mixed with an equal amount of Griess reagent (1% p-amino-benzene sulfonamide, 0.01% napthyl ethylenediamine in 2.5% phosphoric acid; Nanjing Jiancheng Bioengineering Institute, China) and incubated at room temperature for 15 minutes in the dark. Absorbance was read at 570 nm using a microplate reader (Sunrise™, Tecan Group Ltd., Männedorf, Switzerland). The release of nitric oxide was expressed as the percent increase from basal levels.

### Reverse transcription-PCR for detection of iNOS, TNF-α and connexin 43 mRNA expression {#sec3-4}

C6 cells were cultured in 6-well cell culture plates (Corning Incorporated, Corning, NY, USA) and then incubated for 3--48 hours after adding 5 μg/mL lipopolysaccharide. Total cell RNA was extracted in Trizol (Invitrogen, Carlsbad, CA, USA) and 1 μg RNA samples were then reverse-transcribed with the specific antisense primer using a one-step reverse transcription-PCR kit according to the manufacturer\'s protocol (Takara Biotechnology, Dalian, China). Primers were synthesized by the Shanghai Biological Technology Company, China. The primer sequences are shown in [Table 1](#T1){ref-type="table"}.

###### 

The primer sequences for inducible nitric oxide synthase (iNOS), tumor necrosis factor-α (TNF-α), connexin 43 and GAPDH

![](NRR-7-1947-g005)

PCR was performed for 30 cycles, with each cycle consisting of 94°C for 30 seconds, 55°C/58°C/53°C for 30 seconds and 72°C for 40 seconds, followed by a final extension step at 72°C for 10 minutes. PCR products were subjected to 1.5% agarose gel electrophoresis, and stained with ethidium bromide for detection. The specific PCR bands were analyzed using an ImageMaster Video Documentation System (Pharmacia Biotech Company, Uppsala, Sweden).

### Immunofluorescence staining for connexin 43 protein expression {#sec3-5}

Sterilized slides were placed in 6-well culture plates (Corning Incorporated). After an equal amount of cell suspension was dropped onto the slides, the cells were incubated in a humidified atmosphere containing 5% CO~2~ at 37°C for 3 hours. When the cells firmly adhered to the slides, the slides were carefully fixed with 4% paraformaldehyde and washed three times with PBS. Following non-immune goat serum to block nonspecific antigens, cells were incubated with polyclonal rabbit anti-connexin 43 (1:500; Sigma) at 4°C overnight, washed three times with PBS and then processed with goat anti-rabbit IgG-fluorescein isothiocyanate (1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 37°C for 15 minutes. After the sections were washed three times with PBS, 4', 6-diamidino-2-phenylindole was used to stain the nuclei. Photographs were taken with a DP72 camera (Olympus, Tokyo, Japan). At least three slides were selected from each group, and six non-overlapping fields of vision were randomly selected from each slide. ImageJ software (ImageJ, U.S. National Institutes of Health, Bethesda, MD, USA) was used to quantitate the expression of target proteins.

### Statistical analysis {#sec3-6}

The data were analyzed using SPSS 11.5 (SPSS, Chicago, IL, USA) software, represented as mean ± SD. The results were analyzed by independent sample *t*-tests and one-way analysis of variance. A value of *P* \< 0.05 was considered statistically significant.
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